Potassium channels are ubiquitous, being present in all living organisms. These proteins share common structural elements, which confer common functional features. In general, all K + channels have a high selectivity for K + , and are blocked by cations of similar dimensions, such as Cs + and Ba 2 + . Mutations in the pore region tend to lead to either the total loss of function or K + selectivity. We have made mutations to one of the most highly conserved residues of the pore, glycine-143, of the inward rectifier ROMK1 (Kir1.1), and examined the resulting channel properties in the Xenopus oocyte expression system with a two-electrode voltage clamp. Mutations G143A and G143R resulted in failure to express functional channels. Co-injection of wild-type ROMK1 cRNA with these mutants led to rescue of channel function, which was different from wild-type ROMK1. In both mutants, the sensitivity to Ba 2 + and Cs + was increased, the rate of onset of block by Ba 2 + was enhanced, and the selectivity to potassium was reduced. Whereas the crystallographic evidence shows that cations bind to the carbonyl backbone of the pore-lining residues, the present results indicate that the side chains of these amino acids, which face away from the pore lining, also affect permeation.
INTRODUCTION
Biophysical research has allowed a more detailed understanding, at the molecular level, of the process of ion permeation [1] . The most important and highly conserved region of K + channels is the H5, or pore region, and the associated membrane-spanning domains, M1 and M2. Together, these are thought to constitute the selectivity filter and ion-conducting pore of the channel ( Figure 1 ) [2] [3] [4] . In voltage-gated (Kv) and cyclic nucleotide-gated channels, which lacks the Tyr-Gly motif, the glycine residue of the Gly-Tyr-Gly motif is important in determining cation selectivity [2, 5] . In addition, crystallographic data have confirmed the integral role of a small portion of the H5 region in forming the selectivity filter of the yeast K + channel, KcSA [6] . Thus the presence of the H5 region in Kv, inward rectifiers, Ca# + -activated and twin-pore-domain K + channels confer the property of K + selectivity.
Despite the similarities among K + channels, functional differences in pore properties are apparent. Leiurus quinquestriatus scorpion toxin, Lq2, a potent inhibitor of both Kv and Ca# + -activated K + channels, also blocks the pore of the inward rectifier ROMK1 (Kir 1.1). The kinetics of binding of this toxin are the same for each of the channel families [7] . This suggests that the structure of the respective channel pores is similar. However, Lq2 has no effect on Kir 2.1 (IRK1), implying differences in the structure between ROMK1 and Kir 2.1. From cysteine-scanning mutagenesis experiments, using silver to probe the pore, it was concluded that the selectivity filter of Kir 2.1 is conferred by the aromatic rings of tyrosine-145 and phenylalanine-147, perhaps with a contribution from carbonyl groups (threonine-142 and glycine-144) [8, 9] . This proposed pore model for Kir 2.1 differed from the crystal structure of KcSA. The crystal structure indicated that residues within the signature sequence of KcSA (Thr-Val-Gly-Tyr-Gly) orientated Top panel : structural diagram of the ROMK potassium channel protein showing the two membrane-spanning segments (M1 and M2) and the putative pore region (H5/P). Each circle represents a single amino acid. The M0 segment is an amphipathic region. Bottom panel : amino acid sequence of the pore region of ROMK1 channels. Residues in italics indicate those which have been previously mutated, and those underlined (G143A, G143R and F146V) indicate those constructed for the present study. E137T/V produced non-functional channels. Shaded amino acids indicate corresponding mutations made in Kv channels.
their side chains away from the pore, so those main chain carbonyl oxygen atoms line the selectivity filter [6] . Thus it appears that the side chains of the residues forming the pore can also determine the pore properties. To determine whether this was the case in Kir 1.1, we examined pore mutations of ROMK1 to evaluate the importance of the conserved glycine 143 residue.
METHODS

Molecular biology
Point mutations were introduced using the megaprimer method [10] . Primers of 21 bp, including the desired single base change, were used (Genolysis Biotechnology, Cambridge, U.K.). The proofreading enzyme Vent (Promega) was used for PCRs to minimize the introduction of potential errors during amplification. Mutations were confirmed by DNA sequencing (Sequenase 2.0 kit ; Amersham International). Capped-cRNA for wild-type (WT) and mutant channels was prepared for injection into Xenopus oocytes following the manufacturer's instructions (Ambion T7 MEGAscript transcription kit).
Xenopus oocytes and electrophysiology
Mature female South African clawed toad Xenopus laevis were anaesthetized by immersion in ice-cold 0.2 % Tricaine (Sigma) for 15-20 min and killed by pithing. The lobes of both ovaries were then excised and kept at 4 mC in modified Barth's solution [11, 12] . Stage V\VI oocytes were used for experiments. Oocytes were defolliculated by incubation with gentle, continuous agitation in Ca# + -free Ringer buffer, containing 1 mg\ml collagenase, for 45-60 min at room temperature. Oocytes were stored in modified Barth's solution at 4 mC for up to 4 days. Cytoplasmic injection of 50 nl of 10-100 ng\µl (0.5-5 ng) of cRNA was followed by incubation in modified Barth's solution at 19 mC for 2-5 days. Expression was determined by two-electrode voltage clamp using a high K + bath solution. The membrane potential was controlled via a Warner oocyte voltage clamp OC-725B (Hamden, CT, U.S.A.) coupled to an Elonex 486-DX2 personal microcomputer (London, U.K.) via a TL-1 DMA LabMaster interface (Axon Instruments, Foster City, CA, U.S.A.), driven by commercial software (pCIamp 5.51). Currents remaining after application of 10 mM Ba# + were leak-subtracted in order to eliminate errors from endogenous currents. Voltage pulses of 400 ms duration at 2 s intervals were applied over a voltage range from k120 to j40 mV. Resultant currents were passed through a lowpass eight pole Bessel filter (1 kHz) prior to sampling.
Solutions
The standard solution was a K + -rich Ringer's (100 mM KCl, 1 mM MgCl # , 1 mM CaCl # , 10 mM Hepes, titrated to pH 7.4 with KOH). Selectivity for monovalent cations was determined under bi-ionic conditions, substituting K + as the dominant cation in the bath solution. The bath solution contained 100 mM XCl (where X is the monovalent cation, Rb + , Li + , Na + , Cs + or NH Ba# + and Cs + were added as their Cl − salt to the high-K + bath solution. All experiments were performed at ambient temperature.
Data analysis
Reversal potentials and conductances were estimated by linear regression of current\voltage plots. Permeability Bath solution contained 100 mM K + and 0-10 mM Ba 2 + . A voltage range of j40 mV to k120 mV in k20 mV steps, holding at 0 mV for 400 ms duration, was used during experiments. Broken lines indicate zero current (µA). Typical current traces from an oocyte injected with ROMK1, G143A-WT and G143R-WT respectively. Currents were recorded with Rb + , Na + or K + as the dominant cation in the bath solution. The voltage protocol was from j40 mV to k120 mV in k20 mV steps at 2 s intervals. Broken lines indicate zero current (µA).
ratios (P X \P K ) were determined according to the modified Goldman-Hodgkin-Katz equation :
where R, T and F have their standard thermodynamic meaning, z is the valence and ∆E rev is the change in reversal potential upon substitution of K + by X in the bath. Statistical analysis was performed using either paired or unpaired Student's t tests as appropriate, with significance assumed at P 0.05. Unless otherwise stated, all values are meanspS.E.M.
RESULTS
Expression of mutants
Injection of cRNA for mutants G143A and G143R failed to produce measurable currents, despite injecting up to 75 ng. In an attempt to increase the likelihood of expression, both mutants were subcloned into the high expression vector, pBG 7.2, which should increase the 
Table 1 Summary of selectivity values for ROMK1, G143A-WT and G143R-WT
Reversal potentials relative to potassium (E X -E K ). Selectivity relative to potassium according to both permeability ratios (P X /P K ) and conductance ratios (G X /G K ). Data represent meanspS.E.M. expression rates by at least 100-fold [13] ; these oocytes also failed to yield measurable expression. Finally, equal amounts of mutant and WT ROMK1 were co-injected into oocytes in the hope of achieving heteromeric assembly of WT and mutant proteins. An aliquot of 5 ng each of WT and mutant RNA was co-injected. These oocytes (termed G143A-WT and G143R-WT to differentiate co-injected forms from homomeric mutant forms) expressed Ba# + -sensitive inward currents (19.92p4.6 µA and 10.01p1.06 µA respectively) that were significantly greater than water-injected controls (P 0.001 in each case ; Figure 2 ), but were significantly lower than WT Kir 1.1 (46.15p4.6 µA, P 0.05 in both cases). Biophysical effects of pore mutations of ROMK1 Upper graph : permeability ratios P X /P K . Lower graph : conductance ratios G X /G K . Clear bars, ROMK1 ; hatched bars, G143-WT filled bars, G143-WT.
Permeability studies
ROMK1 is permeable to K + , Rb + and NH % + , but not appreciably to Na + , Li + or Cs + (Figure 3 ) [14] . In contrast, both mutants had measurable inward currents with the formerly impermeant ions (P l 0.07 and P 0.0001 ; P l 0.05 and P 0.0001 ; P l 0.04 and P 0.001 respectively for Na + , Li + and Cs + for macroscopic currents of ROMK1 in comparison with G143A-WT and G143R-WT ; Figure 4) . Nonetheless, in all cases substitution of K + by the other cations produced a shift in reversal Table 2 Statistical comparison of cation selectivity of G143A-WT and G143R-WT relative to ROMK1 (permeability and conductance ratios) P values after application of the unpaired t test with two-tailed analysis.
ROMK1 versus G143-WT
ROMK1 versus G143R-WT potential to negative potentials, indicating permselectivity to K + , even in the mutants. Permeability ratios as determined from reversal potentials (for non-permeant ions extrapolation of fitted regression lines was applied to calculate approximated conductances, but it is recognized that these may be inaccurate estimates) corresponded to Eisenman sequence IV [14, 15] :
Although the permeability ratios were altered in the mutants (Table 1) , the permeability sequences were not, indicating that the basic permeability mechanism was not altered.
Substitution of K + for all cations except NH % + produced a reduction in conductance. However, NH % + has other effects on oocytes, including activation of endogenous currents [16] [17] [18] , so these data should be treated with caution. The sequence, as determined by relative conductance for ROMK1, was [14] : NH % + K + Rb + Na + Li + Cs + . Once again, and disregarding NH % + , the Eisenman sequences were not altered significantly from WT in the mutants. Both mutations produced significant changes in permeability and conductance ratios ( Figure 5 ). G143A-WT and G143R-WT produced a significant decrease in selectivity for Na + . As indicated by the results in Table 2 , the mutants had an impaired ability to discriminate between K + and other cations.
The more positive reversal potential of Na + observed for the mutants during selectivity studies was explored further by varying [K + ] and [Na + ] in the bath solution in a reciprocal manner, such that the total cation concentration was 100 mM. The relationship between E rev and log[K + ] was linear over the 1-100 mM range for WT-ROMK1, consistent with a near purely selective K + channel, but non-linear for both mutants ( Figure 6 ). Data were fitted by eqn 2 (solid lines in Figure 6 ) :
where E rev is the reversal\equilibrium potential, P Na and P K are the permeabilities of Na + and K + respectively, The curves confirmed the reduction in K + \Na + -selectivity. The estimated permeability ratio (P Na \P K ) from the fit for ROMK1, 0.01, was significantly higher than the ratio for GI43A-WT, 0.098 and G143R-WT, 0.32. This indicated respective 10-fold and 30-fold reductions in the ability of the channels to discriminate between Na + and K + .
Effect of G143A-WT and G143R-WT on barium block
Extracellular Ba# + blocked ROMK1, G143A-WT and G143R-WT in a concentration-and voltage-dependent manner (Figure 2 ). This block was time-dependent, occurring over a period of milliseconds. Figure 7 summarizes the voltage-and concentration-dependence of Ba# + block. Such relationships are described by the Woodhull equation :
The solid lines in Figure 7 are the best fits to the data, where
is the concentration for half-maximal block at 0 mV, z is the valence, and δ is the fraction of the membrane potential sensed by the ion at its blocking site. Both mutants had an increased sensitivity to Ba# + , as judged by the reduction in K d (P l 0.004 and P l 0.021 respectively for G143A-WT and G143R-WT in comparison with ROMK1 ; Table  3 ), yet the sensitivity of Ba# + block to voltage was reduced. The K d(!) for G143A-WT was also smaller than that for G143R-WT (P l 0.034). 
block of ROMK1
Normalized Ba 2 + -sensitive currents during a potential step of k80 mV from a holding potential of 0 mV. Data are mean currentspS.E.M. (nine, five and four cells for ROMK1, G143A-WT and G143R-WT respectively). Time-dependent block of ROMK1, G143A-WT and G143R-WT. Data for G143A-WT and G143R-WT are compared with ROMK1 WT.
The time-dependence of Ba# + block was also affected in the mutants (Figures 2 and 8) . The onset of block was faster with both mutants (P 0.001 in both cases ; Table  3 ). The time course of onset was fitted with a single time constant, τ :
where I (!) is the current amplitude at the start of the voltage pulse, t the time after the start of the voltage step, and C a constant. τ was dependent on both concentration and voltage ( Figure 9 ). The voltage-dependence of τ at a given concentration was an exponential function of E m :
where τ (!) is the time constant at zero membrane potential. This was estimated using Clampfit software for 500 iterations of fit. The generated time constants for ROMK1, G143A-WT and G143R-WT are summarized in Table 3 .
Effects of caesium
Caesium produced an instantaneous, reversible block of inward currents for both mutants ( Figure 10 ). There was an increase in sensitivity to Cs + , with a reduction in the K d(!) from 100.6p0.69 mM (n l 17) to 30.4p1.24 mM (n l 6, P l 0.001), and 45.1p0.066 mM (n l 4, P 0.01) for G143A-WT and G143R-WT respectively (Figure 10) . No significant change in the electrical distances was observed (0.943p0.06, 1.01p0.06 and 1.02p0.02 respectively).
DISCUSSION
Ion permeation
Ion-permeation properties, conductance and selectivity are a result of amino acid interactions with permeating ions. Small alterations in the primary structure can affect selectivity [19, 20] . Extensive work on amino acid substitutions in KV channels has demonstrated that residues accessible to the pore influence selectivity [2, 3] . Four mutations of amino acids in the signature sequence resulted in a loss of K + -selectivity : T439, V443, G444 and G446 (corresponding to positions T138, I142, G143 and G145 for ROMK1 ; Figure 1) . Mutation of the glycine at position 444 to alanine, cysteine, proline, glutamine or serine gave non-selective channels. Mutation of this residue to a negatively charged residue did not express. Mutation to a positively charged residue was not examined. Although discrepancies have been reported regarding the structures of KV and Kir channels owing to the sequence identity, the molecular structure of the selectivity filter of ROMK1 is probably similar to these channels [8, 9] . G143 is involved in the pore-forming region of ROMK1. Conservative mutation of this amino acid (G143A) resulted in failure to express when injected alone. These findings suggest that the conserved glycine is a critical part of channel structure. Co-expression of G143A and G143R with ROMK1 (G143A-WT and G143R-WT) increased the Na + permeability relative to K + .
Failure of expression of mutations
Why did G143A or G143R in isolation not produce functional expression ? Latore and Miller [21] have shown that inward rectifiers discriminate more closely than the delayed rectifiers among alkali metals cations and the monovalent blocking ions bind more strongly to inward rectifiers. Perhaps the selectivity filter of the inward rectifiers is a more rigid structure less able to adjust its dimensions to allow permeation in comparison to KV or delayed rectifiers. This might explain why even relatively conservative mutations were non-functional. Indeed, it has also been shown that mutations of the eight positions within the highly conserved H5 region of Kir 2.1 resulted in apparently non-functional channels. But construction of covalently linked hetero-dimers\tetramers resulted in rescue of seven of these mutations [8] .
Effect of mutations on permeability
One can consider mutations as leading to two changes ; the size of the side chain, which may contribute to the physical dimensions of the pore, and the charge of the amino acid. The introduction of either a conservative mutation with a neutral side chain or a mutation with large positively charged side chain affected the selectivity. Therefore charge appears not to be important. The mutations must either alter the position of the carbonyl backbone and thus the dimensions of the pore or possibly affect any rotation, which may occur during transport in the conducting state [22] . The P Na \P K ratio was significantly increased. This suggests that this residue forms part of the selectivity filter of ROMK1 and is in agreement with the X-ray crystallography model [6] .
Perhaps these observations on the differences in permeabilities due to reversal potentials and conductances could be due to interaction of the permeating ions with binding sites within the pore. The selectivity of a site for a certain ion is dependent on the '' balance between the energies of ion-water, and ion binding site interactions '' [23] . Cations that are most easily dehydrated are favoured. In others, the high energy for dehydration is balanced by the binding energy obtained by the close proximity of small cations with the binding site. Selectivity is due to ions encountering different barrier height and well depths [23, 24] . The conductance depends on the rate of barrier hopping and exit from the pore, i.e. the height of the barrier. This is purely dependent on movement within the pore, whereas the permeability determined from reversal potentials depends on the affinity of the binding site within the pore for different ions entering, i.e. the energy wells. Therefore G143A-WT and G134R-WT must have produced structural changes in the permeation pathway resulting in alterations in barrier heights and energy well positions.
Alternatively these mutations may lead to a change in the interactions of potassium and other permeant ions within the selectivity filter. More than one site within the selectivity filter may be highly selective for permeant ions and Ba# + . Perhaps a process of binding of three ions, two within the pore and one in the cavity with a fourth that may enter the pore to push the queue along, may be in action [25, 26] . This multi-ion theory allows strong binding to a central binding region, which accommodates more than one ion and hence selectivity and rapid movement from mutual repulsion [25] .
G143A-WT or G143R-WT did not convert the channel to a completely non-selective channel. However, since homomeric channel assembly did not occur, this may not be surprising. Expressed channels are presumably heteromeric mixtures of WT and mutant protein. The ratios of subunits are not fixed, with a whole spectrum of tetrameric heteromultimers being feasible if assembly is random. This mixed population of tetramers in the experiments may therefore have complicated the interpretation of the results. Measurements of various ratios of mutant\WT RNA were performed. This, however, did not appear to affect the results in this study.
To overcome the problems of mixed populations of RNA, we attempted to synthesize dimers of ROMK1-G143A and ROMK1-G143R. Despite attempting various molecular biological methods to form fusion proteins we were unsuccessful. We cannot explain this failure to form the concatenated subunits. Therefore the stoichometric make-up of the channel is likely to be a mixture of a 2 : 2, 3 : 1 and 1 : 3 WT to mutant, since there was failure of monomeric mutant channels to express, and altered properties of channels in the co-expression studies. Ideally, with the aid of a confocal laser microscope, one could confirm co-assembly of mutant and WT channels, but in the present study this was not performed.
Effect of mutations on conductance
In the two-electrode volatage-clamp studies, it was necessary to inject five times more RNA of the mutants than for WT ROMK1. Thus either the expression of the mutants may be less efficient or the mutants may have a reduced macroscopic conductance. Single-channel analysis of cell-attached patches did not produce a change in single-channel conductance, but indicated a reduced open probability (results not shown). This data was interpreted with caution, in view of the long closed times which may underestimate the open probability.
Effect of mutations on Ba 2 + -sensitivity
Potassium and barium ions are of similar size and therefore may share common binding sites within the pore. For ROMK1, the K d(!) was 4.33p0.69 mM and δ was 0.41p0.06 mM. Extracellular Ba# + blocked K + movement in both mutants. Block was voltage-, concentrationand time-dependent. These characteristics, which have been noted for other inward rectifiers [27] , indicate that block by Ba# + involves entry of the divalent ion into the pore to a site of interaction of the channel protein that is 41 % of the way across the transmembrane electric field. In G143A-WT and G143R-WT, the reduced K d(!) values of 0.88p0.24 mM and 1.74p0.066 mM respectively demonstrate higher Ba# + affinities than WT channel. There was no significant change in δ (Table 3) . These results indicate that G143A-WT and G143R-WT do not affect the location of the binding site, which is approximately one third across the electric field, assuming a linear relationship. However, they cause an increased affinity for Ba# + either by easing access or inhibiting Ba# + reflux from the pore once bound [26] . G143R possesses a large positively charged side chain. One might have expected this to reduce the affinity for Ba# + . Perhaps the large size of the side chain distorts the pore to allow easier access to the Ba# + binding site.
Effect of mutations on time-dependence of block by barium
Both mutations produced a more rapid onset of block of the channel in comparison to ROMK1 ( Figure 6 ). Perhaps there was a reduction in the hydration energy required to enter the pore. Alternatively, there may have been a strong interaction from other ions with the porebinding Ba# + towards its binding site. Block of Kir 2.1 is influenced by residue apartic acid-172 [28] . Mutation to an asparagine slows the block 40-fold. Barium block of Kir 2.2 occurs more rapidly than in Kir 2.1, despite them both having an aspartate at position 172. Therefore other residues affect Ba# + -sensitivity. In ROMK1 residue valine-140 affects Ba# + block [29] , but the present study shows that glycine-143 also influences barium block.
Effect of mutation on caesium block
In contrast to Ba# + , block by Cs + was instantaneous with no time-dependence [30, 31] . G143A-WT and G143R-WT both shifted the dose-response curve to the left, leading to an increased affinity of Cs + for the binding site(s), whose location within the electric field were unaltered by the mutations. Comparing the electrical distances with that of Ba# + , it is likely that each cation has different binding sites within the pore. However, the mutations produced similar effects to the affinity of the blocker. This suggests that similar mechanisms, such as allosteric interactions modifying the structure of the protein, might have produced the observed changes.
